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Abstract
Chagas disease, also known as American trypanosomiasis, is a potentially life-threatening
illness caused by the protozoan parasite, Trypanosoma cruzi, and is transmitted by triato-
mine insects during its blood meal. Proliferative epimastigotes forms thrive inside the insects
in the presence of heme (iron protoporphyrin IX), an abundant product of blood digestion,
however little is known about the metabolic outcome of this signaling molecule in the para-
site. Trypanosomatids exhibit unusual gene transcription employing a polycistronic tran-
scription mechanism through trans-splicing that regulates its life cycle. Using the Deep
Seq transcriptome sequencing we characterized the heme induced transcriptome of epi-
mastigotes and determined that most of the upregulated genes were related to glucose
metabolism inside the glycosomes. These results were supported by the upregulation of gly-
cosomal isoforms of PEPCK and fumarate reductase of heme-treated parasites, implying
that the fermentation process was favored. Moreover, the downregulation of mitochondrial
gene enzymes in the presence of heme also supported the hypothesis that heme shifts the
parasite glycosomal glucose metabolism towards aerobic fermentation. These results are
examples of the environmental metabolic plasticity inside the vector supporting ATP produc-
tion, promoting epimastigotes proliferation and survival.
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Author summary
Chagas disease, also known as American trypanosomiasis, is a potentially life-threatening
illness caused by the protozoan parasite, Trypanosoma cruzi, and is transmitted by triato-
mine insects during its blood meal. Proliferative epimastigotes forms thrive inside the
insects in the presence of heme (iron protoporphyrin IX), an abundant product of blood
digestion. This parasite, as well as other trypanosomatids exhibit unusual gene transcrip-
tion employing a polycistronic transcription mechanisms through trans-splicing that reg-
ulates its life cycle. Using the Deep Seq transcriptome sequencing we characterized the
heme induced transcriptome of epimastigotes and determined that most of the upregu-
lated genes were related to glucose metabolism inside the glycosomes. This was supported
by the upregulation of glycosomal isoforms of PEPCK and fumarate reductase of heme-
treated parasites, implying that the fermentation process was favored. Moreover, the
downregulation of mitochondrial enzymes in the presence of heme also supported the
hypothesis that heme shifts the parasite glycosomal glucose metabolism towards aerobic
fermentation supporting ATP production and promoting epimastigotes proliferation
inside the vector.
Introduction
Chagas disease, or American trypanosomiasis, is caused by Trypanosoma cruzi parasites [1]. In
South and Central America, it is a major parasitic disease and worldwide it is the third major
parasitic disease after malaria and schistosomiasis. Currently, it is estimated that seven to eight
million people are infected worldwide, especially in Latin America where it is endemic [2], and
the main cause of non-ischemic heart diseases, costing 1.2 billion dollars annually [3]. There-
fore, Chagas disease stands out as a public health problem not only in Latin America but also
in other continents, mainly North America and Europe. This spreading is mainly due to immi-
gration of infected individuals and the insect vector expansion over border areas [4]. The life
cycle of T. cruzi involves two hosts and at least four stages: amastigotes and bloodstream trypo-
mastigotes in the mammalian host, and epimastigotes and metacyclic trypomastigotes in the
triatomine insect. Each host imposes various conditions and environments to the parasite
resulting in the proliferation and differentiation processes along the life cycle that involve
modifications in metabolic pathways and gene expression in these organisms [5, 6]. Therefore,
the adaptation to environmental changes represents an important coevolution mechanism to
thrive inside the insect vectors. In this context, the heme molecule is an example of this inti-
mate relationship between parasite and the insect because it is capable of promoting the prolif-
eration of epimastigote forms [7, 8, 9, 10].
Heme (ferriprotoporphyrin-IX) is an iron-containing porphyrin that participates in many
biological reactions, including electron transport, detoxification and oxygen transport [11, 12],
which are processes that are essentially mediated by heme proteins such as mitochondrial cyto-
chromes, catalase, and hemoglobin. The heme molecule increases greatly the proliferation of
T. cruzi epimastigotes participating in cell signaling processes that involves a calcium calmodu-
lin kinase II-like [9]. However, unlike most organisms, T. cruzi lacks complete and canonic
routes for heme synthesis and degradation to biliverdin, requiring its incorporation from the
environment and different mechanisms for maintaining its homeostasis [13, 14].
Regarding energy metabolism, trypanosomatids present several distinct features such as a
single mitochondrion, that present different energetic and antioxidant enzymes with specific
arrangement of mitochondrial DNA (kinetoplast) [15, 16], and glycosomes, peroxisome-like
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organelles that compartmentalize essential metabolic pathways such as glycolysis, gluconeo-
genesis, purine salvage, pyrimidine biosynthesis, sugar-nucleotide biosynthesis, pentose phos-
phate pathway, and oxidative stress defense functions [17]. T cruzi has shown large variation
on its energy metabolism along the life cycle; in the presence of glucose, epimastigotes prefer-
entially catabolized this carbon source whereas in the absence of glucose, amino acids are the
preferred energy sources, especially in the stationary growth phase in which amino acids are
oxidized to maintain the redox balance and energy [18]. Bloodstream trypomastigotes however
seem to rely more on glycolysis rather than oxidative phosphorylation to obtain energy [19],
while amastigotes present no detectable glucose transport and therefore are dependent on
lipid-based energy metabolism [20].
T. cruzi possess some distinctive features such as the unique mechanisms for gene expres-
sion with the absence of classical promoters for RNA polymerase II, trans-splicing and the
organization in tandem of genes not necessarily related in function, resulting in polycistronic
transcription of genes that are transcribed and processed constitutively. Also, gene expression
is mainly regulated post-transcriptionally relying on selective transport to the cytoplasm and
mRNA stability [21]. The mechanisms that regulate stage-specific gene expression in this para-
site have become better defined after the whole genome sequence became available and the
demonstration that at least half of T. cruzi genes are differentially regulated during its life cycle
[22].
Therefore, understanding the transcriptome is an essential initial step for interpreting the
functional elements of the genome and for understanding the development of the disease. The
high-throughput RNA sequencing (RNASeq) method promotes both mapping and quantifica-
tion of the entire transcriptomes pool [23]. Thus, the RNA-Seq analysis should be a valuable
screening tool strategy for identifying stage-regulated T. cruzi genes and metabolic pathways
affected by heme. Due to the reduced amount of information available on the heme metabo-
lism in protozoa and the essential character of the heme molecule for the T. cruzi biology, in
the present work we identified genes differentially expressed by epimastigotes cultured in
media supplemented with heme. Our data suggests that heme modulates epimastigotes energy
metabolism by increasing the expression of glycolysis genes in detriment to those of oxidative
phosphorylation, shifting the energy metabolism towards aerobic fermentation to induce epi-
mastigote adaptation and proliferation inside the vector.
Results
Heme differently regulates transcripts levels of epimastigotes
The impact of the trypanosomatid genome sequencing projects, especially Trypanosoma bru-
cei, Trypanosoma cruzi, and Leishmania species, has been substantial [13]. However, a substan-
tial number of hypothetical trypanosomatid-specific genes remain uncharacterized regarding
their possible roles in infectivity and disease. As heme is an important signalling molecule for
Trypanosoma cruzi [8], we analysed the transcriptome profiling of epimastigotes supple-
mented with 30 μM heme in order to study the differential expression of genes during its
metabolism. PolyA+RNA from parasites were purified and RNA-seq was used for this analysis.
In order to confirm the haplotype to be used as reference, the reads were mapped separately to
both CL Brener haplotypes. The analysis of epimastigotes forms identified 10,596 and 11,106
genes from the annotated genomes of CL Brener Esmeraldo (ESM) and non-Esmeraldo like
(NES) haplotype respectively, both filed at TriTrypDB (S1 and S2 Tables). The discrete typing
unit of the organism used in this experiment was TcVI; this organism is reported to contain
approximately 12,000 genes [13] and is of a hybrid nature, hence the close similarity in the
number of mapping results between Esmeraldo and non-Esmeraldo like. Based on these
Glycosomal fermentation induced by heme in T. cruzi
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results and to avoid gene duplications, the CL Brener non-Esmeraldo like haplotype was
selected as references and used in subsequent analysis. Table 1 shows the samples that were
constructed: C1 and C2 (control samples) and H1 and H2 (parasites supplemented with
heme). For all samples, the sequencing resulted in more than 25 million clean reads for each
sample and more than 83% of reads were counted and mapped in the reference genome. More
than 55% of total reads showed to be uniquely and correctly mapped to the reference genome,
corroborating the quality of the sequencing for further analysis (Table 1). An adjusted p-
value� 0.05 was used to select genes that exhibited significant differential expression (S1
Table). Compared to control parasites, heme-treated epimastigotes presented 699 differentially
expressed genes (DEGs) of which 465 genes (66,5%) were upregulated and 234 genes (33,5%)
were downregulated (S1 Table; Fig 1). A subset of 21 genes of DEGs was selected for posterior
qPCR validation.
GOs are modulated in heme-treated epimastigotes
After DEGs identification, we performed the GO annotation. The DEGs were enriched as bio-
logical processes (Fig 2A) and metabolic pathways (Fig 2B). Both GO terms and pathways
were considered statistically significant when they possessed False Discovery Rate (FDR) less
than or equal to 0.05. The results showed that gluconeogenesis (Percentage of Background,
80%; Fold Enrichment Value, 14.8; P-value, 4.08E-05), glycolytic (Percentage of Background,
30.4%; Fold Enrichment Value, 5.6; P-value, 0.0), and pyruvate metabolic processes (Percent-
age of Background, 30.8%; Fold Enrichment Value, 5.7; P-value, 4.57E-05) were the most regu-
lated biological processes stimulated by heme among upregulated genes (Fig 2A, S1 Table).
The metabolic pathways most upregulated by heme in epimastigotes were related to L-gluta-
mate and L-aspartate metabolisms (Percentage of Background, 100%; Fold Enrichment Value,
22.0; P-value, 4.21E-06), anaerobic energy metabolism (Percentage of Background, 40%; Fold
Enrichment Value, 8,7; P-value, 7.1E-04), gluconeogenesis (Percentage of Background, 30.4%;
Fold Enrichment Value, 6.6; P-value, 4.69E-05) and glycolysis (Percentage of Background,
30%; Fold Enrichment Value, 6.5; P-value, 1.9E-04) among the upregulated genes. (Fig 2B; S1
Table).
Heme modulates the expression of energy metabolism genes
Using bioenergetics assays, Nogueira et al. (2017) recently showed that heme alters the mito-
chondrial physiology in epimastigotes. However, the levels of ATP remained the same regard-
less of the presence of heme [24]. The analysis of NES heme-treated genes demonstrated that
this haplotype presented an upregulation in genes involved in the glucose metabolism when
Table 1. Illumina deep sequencing reads map. RNA was extracted from samples by using TRIzol method (Invitrogen) and its degradation and contamination were
monitored on 1% agarose gels. The cDNA synthesis was performed with 3 μg of total RNA using NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, USA) following
the manufacturer’s recommendations. The Deep Seq transcriptome sequencing analysis was carried out using polyA selected RNA at 30M PE reads per sample in an Illu-
mina NextSeq500 sequencer. Reference genomes and gene model annotation files were used from TriTryp database. Raw sequencing reads (raw data) were processed and
the read counts were extracted. The raw reads were then filtered to remove low-quality sequences and empty reads to gain clean reads. All subsequent analyses were based
on the clean reads with high quality.
Sample Total trimmed PE reads Total PE mapped Reads Total unique and correctly mapped PE reads Assigned PE reads Assigned to PC genes
C1 31,141.513 24,464.058 (85%) 17,381.971 (55.8%) 14,539.706 (83.7%) 14,444.042 (83.1%)
C2 40,580.713 34,586.942 (85.2%) 23,772.450 (58.6%) 19,875.445 (83.6%) 19,750.910 (83.1%)
H1 30,751.219 25,821.799 (84%) 17,092.796 (55.6%) 14,085.821 (82.4%) 13,919.867 (81.4%)
H2 29,954.970 25,159.179 (84%) 16,601.161 (55.4%) 13,637.847 (82.2%) 13,493.244 (81.3%)
PE, paired-end; PC, protein-coding
https://doi.org/10.1371/journal.pntd.0007945.t001
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compared to mitochondrial metabolism (S1 Table). Hence in order to compare our transcrip-
tomic data with their findings we selected for further analysis 21 genes involved predominantly
in energy metabolism. During this process one substantial difference between haplotypes ESM
and NES (S1 and S2 Tables) for fumarate reductase genes was unexpectedly observed. Since
both haplotypes are expected to be present in the CL Brener strain populations in nature, we
showed these discrepancies for better biological analysis. The heatmap from RNA sequencing
data of 21 genes are shown in Fig 3A. These observations can be corroborated with Fold
Change analysis which also shows an increment in the expression of genes involved in glucose
metabolism as 1.44-fold for the sugar transporter, 1.7-fold for hexokinase, and 3.1-fold for
enolase (Fig 3B). Furthermore, T. cruzi treated with heme showed 1.5-fold for phosphofructo-
kinase and 1.7-fold for fructose biphosphate aldolase. Surprisingly, the expression of galactoki-
nase (1.46-fold) and phosphomannose isomerase (1.5-fold) are also increased highlighting the
parasite consumption of various monosaccharides as carbon sources other than glucose (Fig
3B).
Additionally, genes related to aerobic fermentation present in the glycosomes such as: pyru-
vate phosphate dikinase (1.3-fold), phosphoenolpyruvate carboxykinase (1.4-fold), malate
dehydrogenase (1.4-fold) and NADH fumarate reductase (1.3-fold for NES and 3.1-fold for
ESM) were also upregulated in heme-treated epimastigotes (Fig 3B).
Epimastigotes treated with heme also presented an increased expression of enzymes
involved in amino acid metabolism, such as such as aspartate aminotransferase (3.3-fold),
asparagine synthetase A (1.5-fold), and alpha-hydroxy acid dehydrogenase (2.1-fold). Heme
also modulated the gene expression of 2-amino-3-ketobutyrate CoA ligase (4.7-fold) and δ-
1-pyrroline-5-carboxylate dehydrogenase (0.7-fold), mitochondrial enzymes involved in
amino acids metabolism (Fig 3B).
Besides NADH-ubiquinone oxidoreductase gene (0.8-fold) and succinate dehydrogenase
(1.40-fold) (Fig 3B; S1 Table), most of the other genes involved in mitochondrial energy
Fig 1. Differentially expressed genes in response to heme treatment. (A) RNAseq analysis showing the number of genes identified and differentially expressed.
(B) Upregulated and downregulated genes modulated by heme.
https://doi.org/10.1371/journal.pntd.0007945.g001
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metabolism did not show any significant alteration in expression in response to heme. These
results are in agreement with recent bioenergetic assay findings showing an impairment of
mitochondrial oxidative phosphorylation in heme-treated epimastigotes [24]. The malic
enzyme was upregulated in RNA-seq assay (3.9-fold) that highlight the relevance of malate
metabolism to heme-treated parasite (Fig 3B).
Glycosomal metabolism and the succinic fermentation in the presence of
heme
It is well documented in the literature that Trypanosoma cruzi major products of aerobic fer-
mentation processes are succinate, alanine and acetate, [25]. Fig 4 summarizes the schematic
representation of the proposal succinic fermentation pathway since three of four main glycoso-
mal enzymes are upregulated by heme phosphoenolpyruvate carboxykinase (1.4-fold), malate
dehydrogenase (1.4-fold) and NADH-dependent fumarate reductase (1.3-fold for NES and
3.2-fold for ESM). This concept is reinforced by the upregulation of the malic enzyme
(3.9-fold), producing pyruvate or fumarate, a succinic fermentation intermediary that returns
to glycosome. Additionally, pyruvate phosphate dikinase gene increased 1.3-fold, a glycosomal
enzyme that converts phosphoenolpyruvate (PEP), inorganic pyrophosphate (PPi) and AMP
into pyruvate, inorganic phosphate (Pi) and ATP additionally supporting fermentation [26]
was also upregulated by heme. Thus, RNA-seq results suggest that heme controls epimastigote
transcript abundance inducing metabolic changes in the parasite in order to improve glycoly-
sis and fermentation that ultimately will promote epimastigote proliferation and establishment
inside the vector.
In order to validate the RNAseq results in heme-treated epimastigotes of T. cruzi we
selected 21 genes and carried out qRT-PCRs. Triplicates of cDNA samples were used for each
experimental group and all the selected genes were assayed by at least five independent repli-
cates as described in the Material and Methods section. As expected, the qPCR results corrobo-
rated to the data from the RNAseq data analysis (Fig 5).
Fig 2. Gene ontology (GO) classification, KEGG/MetaCyc analysis of the differentially expressed genes (DEGs) of heme-treated parasites. The percentage
regulated genes based on GO annotations and KEGG/MetaCyc pathways. The (A) biological process and (B) metabolic pathways. % regulated genes is the percentage
of the background or GO/pathway-related genes that were observed as differentially expressed in RNA-Seq data. FDR� 0,05.
https://doi.org/10.1371/journal.pntd.0007945.g002
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Discussion
Protozoan parasites have evolved diverse metabolic strategies for surviving and proliferating
within different extracellular and intracellular niches in their hosts. It is widely known that
environmental cues are linked to the differentiation process that allows the parasite to com-
plete its life cycle. Even if challenging, successful transmission depends on parasite ability to
trigger adaptive responses and cope with stressors whilst regulating proliferation and transi-
tion to different life stages [27]. During the journey of epimastigote forms in the invertebrate
host, T. cruzi must survive within the digestive constraints of the triatomine gut [28]. The tria-
tomine insect ingests a huge amount of blood, releasing in the midgut lumen sugars, lipids,
peptides, amino acids and almost 10 mM heme products of the blood digestion [29]. In the
midgut medium, the parasite shows an important adaptation to the redox status of the envi-
ronment and its nutritional availability given that the nutrients are now disputed with the host
and the insect microbiota [27, 30, 31].
In the present work we performed a transcriptomic analysis using RNAseq technology and
validate the results of 21 genes by qPCR to study the metabolic changes that heme, an abun-
dant molecule present in the insect vector, induced in epimastigotes to sustain the parasite
Fig 3. Differently expressed genes related to energy metabolism in epimastigotes. (A) RNAseq heatmap of selected
genes expressed of control and heme treated samples. Columns represent each technical replicate from two independent
experiment. The colors vary from light green (very low expression) to light red (extremely high expression). Data were
scaled by the ratio of FPKM of each sample by the total of gene multiplied by 10. (B) Transcripts levels of energy
metabolism genes presented as fold change compared to control samples. ST: sugar transporter; GALKg: galactokinase,
glycosomal HKg: hexokinase, glycosomal; PMIg: phosphomannose isomerase, glycosomal; PFKg: phosphofructokinase,
glycosomal; ALDg: fructose bisphosphate aldolase, glycosomal; ENOc: enolase, cytosolic; PPDKg: pyruvate phosphate
dikinase, glycosomal; PEPCKg: phosphoenolpyruvate carboxykinase, glycosomal; MDHg: malate dehydrogenase,
glycosomal; FRDg
�
: NADH-dependent fumarate reductase, glycosomal; KBL: 2-amino-3-ketobutyrate CoA ligase;
P5CDH: δ-1-pyrroline-5-carboxylate dehydrogenase; ASAT: aspartate aminotransferase; AS: asparagine synthetase A;
AHADH: aromatic L-2-hydroxyacid dehydrogenase; ME: malic enzyme; COMPLEX I: NADH-ubiquinone
oxidoreductase; SDH: succinate dehydrogenase subunit; ABCt: ABC transporter; PdxK: pyridoxal kinase. These graphs
present DEGs in “non-esmeraldo- like” haplotype and some exclusive in “esmeraldo-like” were marked with (�).
https://doi.org/10.1371/journal.pntd.0007945.g003
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Fig 4. Schematic representation of the metabolic map of gene expression regulated by heme. Trypanosoma cruzi epimastigotes metabolic
pathway illustrating differentially expressed genes in response to heme treatment involved in energy metabolism measured by RNAseq analysis.
Glycosomal fermentation induced by heme in T. cruzi
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proliferation. T. cruzi must develop a broad set of molecular tools that allow it to multiply in
the insect gut, to invade and multiply inside a large number of distinct mammalian cell types
and to circumvent host immune defense systems. To meet such phenotypic plasticity, T. cruzi
relies on unique mechanisms that can control the expression of its repertoire of thousands of
genes. Because its genome is constitutively transcribed into long polycistronic primary tran-
scripts, mRNAs for protein-coding genes must be processed through trans-splicing and polya-
denylation reactions [21]. The mRNAs must also interact with different protein factors in
complex post-transcriptional regulatory machinery that determines the levels of their protein
products according to the cellular demands of the parasite in each stage of the life cycle [22].
Although much progress has been made in identifying the molecular mechanisms that
determine parasite host cells and tissues invasion and evasion of the host immune response,
much less is known about the exchange of nutrients and the metabolic interplay that occurs
between T. cruzi and the insect vector environment. In all life cycle stages, the mitochondrion
of T. cruzi is aerobically functioning, however pyruvate is not oxidized to carbon dioxide, and
instead, fermentation-like end products, such as acetate, alanine and succinate are produced.
In fact, many aspects of trypanosomatid metabolism were initially deduced by analysis of
secreted end-products using classic biochemical methods in Trypanosoma brucei. Levels of
some intracellular purines and pyrimidine nucleotides [32] or thiamine and its precursors
were studied [33]. Early studies also investigated the utilization of different carbon sources and
nutrients by Leishmania mexicana promastigotes and demonstrated that in the exponential
phase of proliferation these parasites increase the uptake of glucose and amino acids. The rate
of use of these metabolites decreased in the promastigotes stationary phase and axenic amasti-
gotes, consistent with the latter stages entering a reduced metabolic state. Stationary phase pro-
mastigotes and axenic amastigotes also oxidise free fatty acids to drive mitochondrial oxidative
phosphorylation and ATP production [34].
Trypanosomatids have a high rate of glucose consumption and this is associated with aero-
bic fermentation of glucose [35]. The mitochondrial energy metabolism of trypanosomatids
can be considered an intermediate between classical aerobically functioning mitochondria and
true anaerobically functioning mitochondria, similar to most parasitic helminths and several
marine organisms [36].
Our approach used the high-throuput RNAseq technology to identify the main expressed
genes induced by heme in T. cruzi epimastigotes. Remarkably, the main biological processes
stimulated by heme were fermentation related enzymes (malic enzyme, fumarate reductase
and glycosomal malate dehydrogenase isoforms) and genes involved in amino acid metabo-
lism. This increase in the amino acid metabolism was expected since it is well stablished that
epimastigotes can use either amino acids or glucose as a carbon source for growth, although
Values inbox are expressed as fold change of heme treated parasites in relation to control sample. Enzymes reactions were presented as known
(black solid arrow), downregulated suggested-routes (black dashed arrow) and downregulated (gray solid arrow) routes by RNAseq data. Yellow
circles indicate pyridoxal 5-phosphate binding enzymes. The enzymes of each proposed pathway are presented as specific colors. Glucose
metabolism (blue): ST: sugar transporter; GALKg: galactokinase, glycosomal; HKg: hexokinase, glycosomal; PMIg: phosphomannose isomerase,
glycosomal; PFKg: phosphofructokinase, glycosomal; ALDg: fructose bisphosphate aldolase, glycosomal; ENOc: enolase, cytosolic. Fermentation
process (green): PPDKg: pyruvate phosphate dikinase, glycosomal; PEPCKg: phosphoenolpyruvate carboxykinase, glycosomal; MDHg: malate
dehydrogenase, glycosomal; FRDg�: NADH-dependent fumarate reductase, glycosomal. Amino acids metabolism (purple): KBL: 2-amino-
3-ketobutyrate CoA ligase; P5CDH: δ-1-pyrroline-5-carboxylate dehydrogenase; ASAT: aspartate aminotransferase; AS: asparagine synthetase A.
AHADH: aromatic L-2-hydroxyacid dehydrogenase; Malate metabolism (orange): ME: malic enzyme. Mitochondrial metabolism (pink):
COMPLEX I: NADH-ubiquinone oxidoreductase; SDH: succinate dehydrogenase subunit. Other metabolic pathways (gray): PdxK: pyridoxal
kinase; ABCt: ABC transporter. Metabolytes: G-6-P: glucose-6-phosphate; F-6-P: fructose-6-phosphate; F-1,6-P: fructose-1,6-biphosphate;
DHAP: dihydroxyacetone phosphate; GA3P: glyceraldehyde-3-phosphate; 1,3-BPGA: 1,3-bisphosphoglycerate; 3-PGA: 3-phosphoglycerate;
2-PGA: 2-phosphoglycerate; PEP: phosphoenolpyruvate; OXA: oxaloacetate; Glu: glutamate; Gln: glutamine; Phe: phenylalanine; Trp: tryptophan;
Tyr: tyrosine; P5C: δ-1-pyrroline-5-carboxylate; AOB: amino-oxobutyrate.
https://doi.org/10.1371/journal.pntd.0007945.g004
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glucose is preferred during the exponential phase and amino acids preferred during the sta-
tionary phase [35, 37, 38, 39]. Interestingly, heme-induced epimastigote proliferation is
accompanied by an increased number of cells in S and G2/M phases, keeping the parasites in
the exponential growth phase for longer period of time. This shows a modulation of T. cruzi
Fig 5. RNAseq and qPCR data of selected genes modulated by heme. For qPCR validation, total RNA was extracted
using TRIzol method (Invitrogen) and then was reverse-transcripted to single strand cDNA using High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, USA) according to the manufacturer’s instructions. All
quantitative measurements were carried out in triplicate and normalized to the internal TCZ control. Results were
expressed as mean value ± standard error (SE). The mRNA fold change was calculated as described in the Material and
Methods section. qPCR and RNAseq data were plotted for each gene for analysis. ST: sugar transporter; GALK:
galactokinase; HK: hexokinase; PMI: phosphomannose isomerase; PFK: phosphofructokinase; ALD: fructose
bisphosphate aldolase, glycosomal; ENO: enolase; PPDKg: pyruvate phosphate dikinase, glycosomal; PEPCKg:
phosphoenolpyruvate carboxykinase, glycosomal; MDHg: malate dehydrogenase, glycosomal; FRD�: NADH-
dependent fumarate reductase; KBL: 2-amino-3-ketobutyrate CoA ligase; P5CDH: δ-1-pyrroline-5-carboxylate
dehydrogenase; ASAT: aspartate aminotransferase; AS: asparagine synthetase A; AHADH: aromatic L-2-hydroxyacid
dehydrogenase; ME: malic enzyme, cytosolic; COMPLEX I: NADH-ubiquinone oxidoreductase; SDH: succinate
dehydrogenase subunit; ABCt: ABC transporter; PdxK: pyridoxal kinase. This graphic presents DEGs in “non-
esmeraldo-like” haplotype and some only in “esmeraldo-like” that were marked with (�).
https://doi.org/10.1371/journal.pntd.0007945.g005
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cell cycle by heme [30]. These finds corroborated metabolomic data from Bariso´n and collabo-
rators (2017) that demonstrated metabolic plasticity of epimastigotes, which are able to switch
the use of nutrients depending on its abundance. Notably both stationary and exponential
phases epimastigotes maintained intracellular levels of glucose using amino acids for de novo
synthesis of glucose or by arrested glucose consumption [18]), confirming the central role of
glucose as the “fuel of life” on epimastigote metabolism. Many organisms that face environ-
mental hypoxia such as marine invertebrates, Fasciola, Ascaris lumbricoides, and Blastocystis
sp, experience a shift in the energy metabolism from oxidative phosphorylation to a fermenta-
tive route of carbohydrates degradation named malate dismutation. In this pathway phospho-
enolpyruvate (PEP) from glycolysis is converted to oxaloacetate via an ATP-linked PEP
carboxykinase (ATP-PEPCK), which is subsequently reduced by cytosolic malate dehydroge-
nase (MDH), re-oxidizing the glycolytic NADH. Malate is then, imported into the mitochon-
drion, where it is degraded via malate dismutation. A portion of the malate is oxidized to
acetate and another portion is reduced to succinate, which is then further metabolized to pro-
pionate [40]. Interestingly, this metabolic plasticity was also reported in T. brucei [41].
In this work transcriptomic analysis showed that heme increased the expression of glycoso-
mal enzymes involved in glucose/hexoses metabolism. It is described that the main end prod-
ucts of aerobic fermentation process in glycosomes are succinate and alanine and both can be
produced via phosphoenolpyruvate (PEP) produced in the cytosol [35]. Our data have shown
that heme induced the upregulation of the hexokinase, PFK and enolase, inducing the glyco-
lytic pathway and increasing the cytosolic concentrations of PEP. It is generally accepted that
PEP has at least three destinations in the parasite, two inside the glycosome and one in the
cytosol. Within the glycosome phosphoenolpyruvate may have two fates: (i) to be converted
into pyruvate by a pyrophosphate dependent pyruvate phosphate dikinase (PPi-dependent
PPDK) or, (ii) PEP can be carboxylated to oxaloacetate by the ADP-dependent PEPCK, yield-
ing ATP in both cases and leading afterwards to NADH oxidation. [42]. A third destination
for PEP is the cytosol, following the glycolytic pathway where it can be converted into pyruvate
by the cytosolic pyruvate kinase, also yielding ATP.
Our data demonstrates that heme upregulated the expression of both PPDK and the
PEPCK. Since heme-treated epimastigotes also presented an upregulation of the glycosomal
malate dehydrogenase and fumarate reductase and had no effect over the expression of alanine
dehydrogenase, we hypothesize that the PEP is being preferably carboxylated into oxaloacetate
by glycosomal PEPCK yielding great amounts of succinate and NAD+, a pathway known as
succinic fermentation [43]. Interestingly, cytosolic glyceraldehyde-3-phosphate dehydrogenase
(GAPDHc) and glycosomal enzyme (GAPDHg) in the presence of heme were not affected,
suggesting the ratio of NADH/NAD+ maintenance in the glycosome by other glycosomal
dehydrogenases.
Remarkably one of the most upregulated enzymes was malic enzyme. This enzyme pro-
duces pyruvate and NADPH and is considered crucial for gluconeogenesis, glycolysis, and
fatty acid synthesis [44]. It was suggested that malic enzyme is important for NADPH produc-
tion especially in T. cruzi forms that have low glucose availability, reducing PPP activity [45].
Here, our results suggest that epimastigotes consume glucose in the fermentation process
which could reduce the consumption of glucose in PPP. Therefore, the increase in malic
enzyme activity could maintain NADPH levels in epimastigotes forms. Therefore, the increase
in malic enzyme activity could maintain NADPH levels in epimastigotes forms.
Compared to other evolutive forms, T. cruzi epimastigotes generally have an increased gene
expression related to the TCA cycle, respiratory chain and oxidative phosphorylation, suggest-
ing a rise in the overall respiratory activity [46]. However, previous biochemical analysis
already showed that heme compromises mitochondrial physiology decreasing the activity of
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the respiratory system through the hyperpolarization of the mitochondrial membrane and
consequent overproduction of superoxide anion. Surprisingly, despite these effects, the para-
site is able to maintain constant intracellular ATP levels [24].
Even though fermentation is classically considered less efficient compared to cellular respi-
ration, glucose preference provides a prompt carbon source for metabolic biosynthesis path-
ways, mainly amino acids, lipids and nucleic acids. Furthermore, part of glucose can be
oxidized into CO2 by the pentoses phosphate pathway (PPP) in order to provide NADPH and
ribose-5-phosphate required for anabolic processes and replication [25]. This reinforces our
hypothesis of the influence of heme in the shift of T cruzi epimastigote energy metabolism and
that the contribution in ATP production may be based on glycosomal fermentation process,
providing energy support for the proliferation and establishment of the parasite inside the
vector.
Materials and methods
Cultivation of microorganism
Epimastigote forms of Trypanosoma cruzi, clone CL Brener were grown in 50 mL medium
BHI with 10% FCS in the presence of 30 μM heme to 28˚C for 7 days in culture bottle cells
with 25 cm2 surface area (TECHNO PLASTIC PRODUCTS AG, Switzerland).
Heme
20 mM heme stock solution was freshly prepared by dissolving in 0.1 N NaOH, and after it
was buffered in PBS (100 mM sodium phosphate buffer and 150 mM NaCl at pH 7.4). The
stock solution was diluted immediately before use to 5 mM in the same PBS buffer or in cul-
ture medium.
RNA isolation, library construction and Illumina sequencing processing
RNA samples of epimastigotes incubated with or without heme were extracted from samples
by using TRIzol method (Invitrogen, USA). Total RNA was measured using Qubit RNA assay
kit (Life technologies, USA). The mRNA enrichment was performed in a NEBNext Poly(A)
mRNA Magnetic Isolation Module (NEB, UK). cDNA libraries were synthesized by Illumina
TruSeq RNA Sample Preparation Kit. The final library had an insert size about 150 bp. The
Deep Seq transcriptome sequencing analysis was carried out using polyA selected RNA at 30M
Paired Ended reads per sample in an Illumina NextSeq500 sequencer.
Bioinformatics analysis
Raw PE reads were trimmed against adaptor sequences by scythe (v0.981), and quality-
trimmed by sickle (v1.33) using default settings. Trimmed reads were directionally separately
aligned to the haploid genome of T. cruzi strain CL Brener Esmeraldo and Nonesmeraldo-like
available at triTrypDB using bowtie2 (version 2.3.5) with -very-sensitive-local option.
Uniquely and correctly mapped reads were extracted for the downstream analysis. Tool feature
Counts [47] was used to count the number of reads aligned to each gene. Gene expression
level was calculated and normalised by Fragments Per Kilobase Per Million (FPKM). Genes
with FPKM < 10 on both conditions were removed from the posterior analysis. The differen-
tial expression analysis was performed using the Generalized Fold Change or GFOLD [48] to
statistically determine when the fold-change between two conditions is reliable. Absolute fold-
change greater or equal than 1.2 and GFOLD 6¼ 0 were set as the thresholds for significantly
differentially expressed genes (DEGs). Subsequently, the enrichment analysis of Gene
Glycosomal fermentation induced by heme in T. cruzi
PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007945 January 2, 2020 12 / 16
Ontology (GO), KEGG and MetaCyC pathways was performed based on these DEGs by using
the pipeline of TriTrypDB v44 (https://tritrypdb.org/tritrypdb/) [49]. GO terms and pathways
enrichment was considered statistically significant when the False Discovery Rate or FDR was
less or equal than 0.05.
qPCR
A subset of differentially expressed genes will be selected to be validated by qPCR. cDNA syn-
thesis was performed using High Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, USA) according to the manufacturer’s instructions. The qPCR mix was done using a
Sybr Green PCR Master Mix (QIAGEN, Germany). Triplicates of cDNA samples were used
for each experimental group and all the selected genes were assayed at least five independent
replicates. All quantitative measurements were normalized to the internal TCZ control for
every reaction [50]. Results were expressed as mean value ± standard error (SE). The mRNA
fold change was calculated by the following equations: ΔCT = ΔCT(target)−ΔCT(TCZ); ΔΔCT =
ΔCT(Heme treated)−ΔCT(control); mRNA fold change = 2−ΔΔCT [51].
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